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ATP: an extracellular signaling molecule
between neurons and glia

R. Douglas Fields and Beth Stevens

Recent studies on Schwann cells at the neuromuscular junction and non-synaptic regions of

premyelinated axons indicate that extracellular ATP can act as an activity-dependent signaling

molecule in communication between neurons and glia. Several mechanisms have been observed

for the regulated release of ATP from synaptic and non-synaptic regions, and a diverse family of

receptors for extracellular ATP has been characterized. The findings suggest functional

consequences of neuron-glial communication beyond homeostasis of the extracellular

environment surrounding neurons, including regulating synaptic strength, gene expression, mitotic

rate, and differentiation of glia according to impulse activity in neural circuits.

Trends Neurosci. (2000) 23, 625-633

HE REALIZATION that neural impulses and synap-
tic activity can influence glial function has emerged
from experiments on all the major types of glia in the
PNS and CNS of vertebrates and invertebrates. It has
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also become clear that glia can respond to these signals
in ways that regulate the excitability of neurons. With
the discovery that glia, similar to neurons, also have
ion channels and neurotransmitter receptors, attention
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first focused on extracellular ions and neurotransmit-
ters as possible signaling molecules in neuron-glial
communication. However, it is known that all types of
glia (i.e. microglia, oligodendrocytes, astrocytes and
Schwann cells) have membrane receptors for extra-
cellular ATP (purinergic receptors) (Table 1). These
receptors are linked by G-coupled proteins to intracel-
lular Ca** release channels or to transmembrane Ca**
channels. Additionally, it is known that many neurons
can release ATP in an activity-dependent manner.
Research on Schwann cells, the PNS glial cell, at both
the synapse' and in non-synaptic regions* shows that
ATP can act as a potent activity-dependent signaling
molecule between neurons and glia. Thus, multiple
mechanisms for ATP release and the widespread distri-
bution of purinergic receptors throughout the nervous
system indicate that ATP might mediate neuron-glial
signaling more generally and in association with a vari-
ety of functions. Diffusion of neurotransmitter beyond
the synaptic cleft can activate neurotransmitter recep-
tors on perisynaptic astrocytes and terminal Schwann
cells (reviewed in Ref. 3); and changes in extracellular
ion concentration accompanying action potential
firing in extrasynaptic regions, such as the nodes of
Ranvier, can cause Ca?" transients in paranodal
Schwann cells*. However, glial responses to these kinds
of molecules are consistent with their well-established
function in regulating the concentration of ions and
neurotransmitters in the extracellular environment. By
contrast, the findings indicating that ATP can act as a
neuron-glial signaling molecule expand the functional
significance of activity-dependent neuron-glial com-
munication beyond processes associated with homeo-
stasis of the extracellular environment surrounding
neurons. For example, profound effects on Schwann
cell gene expression, mitotic rate and differentiation
have been identified in response to activity-dependent
release of ATP from non-synaptic regions of premyeli-
nated dorsal root ganglion (DRG) neurons. Such effects
could be important in coordinating the development
of neurons and glia according to functional require-
ments®. Several questions are raised by these results
including, how general is the mechanism of intercellu-
lar communication by ATP? What are the functional
consequences of this communication? How is ATP
released in an activity-dependent manner?

Neuron-glial signaling at the synapse

Glial receptors for the vesicular release of neurotransmitters

Astrocytes in the CNS and Schwann cells in the PNS
surround synaptic junctions and help maintain the
extracellular environment by providing physical
integrity, and regulating the extracellular ion and neuro-
transmitter concentration. Ca®" imaging, molecular,
and electrophysiological methods show that, under
appropriate conditions, oligodendrocyte precursor
cells (OPC), astrocytes and Schwann cells can detect
the vesicular release of neurotransmitters. The stimu-
lated glia can subsequently regulate synaptic strength
by releasing neurotransmitters, such as glutamate,
into the synaptic cleft’.

A recent study reveals a surprisingly sophisticated
level of neuron-glial communication via the vesicular
release of neurotransmitters®. Using whole-cell patch-
clamp recordings from OPCs in the CA1l region of
hippocampus, rapid transmembrane currents were
detected in response to stimulation of afferent excitatory
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axons (i.e. the Schaffer collateral axons of CA3 pyramid-
al neurons). AMPA/kainate receptor antagonists block
these currents in OPC cells, however it is improbable
that spillover of glutamate from nearby neuronal
synapses could produce glial responses with such rapid
kinetics. In addition, ultrastructural analysis was used to
show clusters of synaptic vesicles, resembling presynap-
tic transmitter release sites, directly apposed to OPC
processes, and ‘postsynaptic’ membrane specializations
in the adjacent glial membrane.

The functional significance of this neuron-glial
communication is unknown; however, OPCs can
extend processes into the region of axo-spinous
synapses, suggesting that these glial cells could modu-
late neuronal synaptic transmission, similar to peri-
synaptic astrocytes. Glutamate is released from astro-
cytes by a mechanism similar to vesicular release in
neurons: release is dependent on extracellular Ca®*,
synaptic vesicle docking and release proteins®.
Glutamate that is secreted from perisynaptic astro-
cytes can augment the release of neurotransmitter
into the synaptic cleft by the presynaptic neuron’®.
Conversely, neuron-glial communication might pro-
vide a mechanism for axonal activity to regulate oligo-
dendrocyte functions, such as myelination, which has
been shown to be regulated by impulse activity in the
CNS (Ref. 9) and PNS (Ref. 10).

In the PNS, terminal Schwann cells, which tightly
surround the neuromuscular junction, actively partici-
pate in the maintenance and repair of neuromuscular
synapses''. Tetanic stimulation of the presynaptic
motor nerve axon elicits rapid Ca®" transients in termi-
nal Schwann cells of frogs'? and mice'?, and downregu-
lates expression of glial fibrillary acidic protein (GFAP)
(Ref. 14). This activity-dependent increase in Ca*" is
reduced if neurotransmitter receptors are blocked, and
can be mimicked by focal application of the transmitter
ACh (Ref. 12). Elevation of Ca?* levels is caused by
transmembrane Ca** fluxes through ligand- and volt-
age-gated channels, and release from intracellular stores
following activation of muscarinic ACh receptors’. In
addition, perisynaptic Schwann cells can, in turn,
modulate neurotransmitter release and synaptic effi-
cacy at the frog neuromuscular junction. In a recent
study, Robitaille et al.’® showed that microinjection of
GTP+S into perisynaptic Schwann cells reduced the
amount of neurotransmitter released from the neuro-
muscular junction. This finding indicates that activa-
tion of a G-coupled protein in Schwann cells stimulates
the release of a retrograde messenger that can act upon
the presynaptic terminal. Although the molecular
mechanisms are unclear, Schwann cells are known to
release neuroactive substances that could modulate
synaptic transmission'®. Because purinergic receptors
are pertussis toxin sensitive and this toxin did not block
the effect of GTPyS Robitaille et al.'® concluded that
activation of muscarinic receptors, and not purinergic
receptors, on Schwann cells mediates the response.
ATP mediated neuron—glial signaling

Many properties of ATP make it an ideal molecule
for cell-cell signaling: it is a small, rapidly diffusing
molecule, highly unstable and not abundant in the
extracellular environment. Extracellular ATP has been
implicated in cell-cell communication outside the
nervous system in a wide variety of cells in response to
many different stimuli associated with a diverse array
of biological effects (reviewed in Ref. 17). ATP or the



breakdown products of ATP can influence epithelial
and endocrine cell secretion, leukocyte adhesion,
immune, inflammatory and thrombotic reactions, car-
diovascular performance, skeletal and smooth muscle
contraction, and neurotransmission'®. For example, in
the cochlea, extracellular ATP has five verified actions
that affect sound transduction by the sensory hair
cells, ranging from acting as a neurotransmitter to
regulating mechanical stiffness of the stereocilia
(reviewed in Ref. 19). Mechanical stimulation,
hypoxia, acidosis, osmotic shock, receptor stimulation
and membrane depolarization can all induce ATP
release from various cells'®.

Release mechanisms, similar to those originally
described in cells outside the nervous system, appear to
apply to ATP release by neurons and glia. Mast cells, for
example, have Fc membrane receptors that trigger secre-
tion of inflammatory mediators following stimulation.
This is accompanied by an increase in intracellular Ca**,
not only in the stimulated cell, but also spreading radi-
ally into neighboring cells. Similar to astrocytes, this
intercellular Ca** wave can be initiated by mechanical
stimulation of a single cell, however, mast cells are not
coupled by gap junctions. Experiments by Osipchuk and
Cahalan® have shown that ATP co-released with mast-
cell secretory granules triggers the Ca®* response.

Recently, ATP release by mechanically stimulated
astrocytes has been identified as a key signaling mol-
ecule in astrocytic Ca®* waves?!, resolving a controversy
that has persisted since the waves were first observed in
response to glutamate stimulation®. Ca** diffusion
through gap junctions and extracellular signaling mol-
ecules had been proposed as key signaling molecules for
astrocytic Ca** waves and it appears that both could
contribute. Ca** wave propagation in dorsal spinal cord
astrocytes is mediated by P2Y receptors®, and in the
mammalian retina ATP generates intracellular Ca®*
waves that propagate through networks of glial cells®.
The firing rate of retinal neurons is affected by the pas-
sage of a glial Ca?* wave®, suggesting that ATP-mediated
signaling in perisynaptic glia could regulate the
excitability of neurons or the synaptic transmission by
releasing neurotransmitters. ATP has also been shown to
stimulate the release of excitatory amino acids from cul-
tured Schwann cells* and astrocytes*?!. The secretion of
glutamate from astrocytes is vesicular, and dependent
on extracellular Ca**, and the synaptic vesicle protein
25 kDa synaptosomal-associated protein (SNAP-25)
(Ref. 6). However, the release of ATP from astrocytes
might not be vesicular, because Ca?>" waves propagate
among astrocytes in the presence of botulinum toxin®.
Vesicular release of ATP

Vesicular release of ATP is involved in excitatory
transmission in CNS? and PNS* neurons. ATP is co-
released with ACh and noradrenaline in the PNS
(Ref. 29), and with GABA from dorsal horn neurons®.
Neuronal purinergic receptors (Table 1) of the P2X
ionotropic subtype are widely distributed in the nervous
system, in addition to adenosine receptors that bind this
breakdown product of ATP (Ref. 31). In cultured rat sym-
pathetic neurons for example, ATP (100 pwm) can cause
depolarization, action potential firing, influx of Ca*"
through P2X receptors and voltage-gated Ca®>* channels,
and stimulates release of noradrenaline®.

What could be the purpose of releasing ATP,
together with neurotransmitter, from synaptic ves-
icles? This question has been most extensively studied
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in motor nerve endings, where ATP is released
together with ACh. Using patch-clamp recording on
membranes containing ATP-gated ion channels recep-
tors (P2X) as biosensors, Silinsky et al.** detected the
quantal release of ATP within milliseconds of a nerve
impulse. After release, ATP is rapidly hydrolyzed to
adenosine by ectonucleotidases. Similar to other
neurotransmitters, removal of ATP helps terminate its
response, but, in addition, adenosine then acts on
presynaptic adenosine receptors to inhibit neurotrans-
mitter release and depress synaptic transmission at the
neuromuscular junction®.

Similar effects are seen in the CNS. In cultured chick
retinal neurons (amacrine cells) ATP release is stimu-
lated by depolarization, which is dependent on extra-
cellular Ca**, activation of L and P/Q type voltage-
sensitive Ca*" channels, and the synaptic protein
SNAP-25 (Ref. 35). This results in extracellular accu-
mulation of adenosine, an effect that is partly antag-
onized by inhibiting ectonucleotidase activity.
ATP-mediated synaptic transmission also occurs in
other cholinergic regions of the CNS, including the
hippocampus (reviewed in Ref. 36).

Purinergic receptors on glial cells provide a poten-
tial mechanism for detecting the synaptic activity of
neurons using ATP as a neurotransmitter. Studies on
the frog neuromuscular junction provide support for
ATP-dependent neuron-glial signaling'?, and subse-
quent regulation of synaptic transmission via release
of an unknown factor from the terminal Schwann
cell'. Perisynaptic Schwann cells express several types
of purinergic receptors, including P2X and P2Y, in
addition to adenosine P1 receptors (Table 1). Blockade
of ATP, but not of adenosine, significantly reduces the
size and increases the delay of the activity-dependent
Ca* increase in terminal Schwann cells, suggesting
that purinergic receptors on perisynaptic Schwann
cells are activated by ATP that is released by synaptic
transmission’. Although in situ characterization of the
P2 receptors on these cells is not complete, the pres-
ence of multiple purinergic receptors suggests that
ATP could activate multiple signaling pathways and
have diverse functional effects on synaptic strength,
maintenance and remodeling.

Extrasynaptic neuron-glial signaling

Activity-dependent interactions between neurons
and glia in extrasynaptic regions would encompass a
large range of functions, including myelination and
various glial functions unrelated to synaptic transmis-
sion (e.g. proliferation and differentiation). Time-
lapse confocal microscopy has recently shown that
Schwann cells in culture can respond to electrical
stimulation of premyelinated DRG axons® (Fig. 1).
This is particularly interesting because these neurons
lack synapses and nodes of Ranvier in culture. Trains
of stimulation of about 15-90 s were required to
induce Ca®* responses in Schwann cells, proportional
to stimulus frequency (1-10 Hz). By contrast to astro-
cytes, direct application of glutamate failed to induce
a Ca** response in Schwann cells®.

Based on evidence showing the presence of purinergic
receptors on myelinating and non-myelinating Schwann
cells in vivo (Table 1), we analyzed the concentration of
extracellular ATP in DRG neuron cultures. They showed
that electrical stimulation of pure DRG neuron cultures
significantly increased the concentration of ATP in the
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Fig. 1. Axonal impulse activity stimulates Schwann cells on premyelinated dorsal root ganglion axons by releas-
ing ATP. (a) Scanning-laser confocal microscopy was used to monitor changes in intracellular Ca®* with the fluorescent
indicator fluo-3/AM in co-cultured Schwann cells and dorsal root ganglion (DRG) neurons. Electrical stimulation of DRG
axons at 10 Hz caused an immediate increase in intracellular Ca®* in the axon and cell body (asterisk), followed sev-
eral seconds later by a large increase in Ca®* in Schwann cells (arrow). (The blue ‘cool’ colors represent low intracellu-
lar Ca** levels and the red ‘warm’ colors indicate high intracellular Ca®* concentrations.) (b) The upper plot shows
changes in intracellular Ca®* concentration [Ca®* ], over time. The lower plot shows the changes in [Ca®’]. when the
experiment was repeated in the presence of apyrase (an extracellular enzyme that rapidly degrades ATP) following a  of
30 min rest. The stimulus duration in both plots is shown by the red bar (black traces, neurons; color traces, Schwann
cells). Apyrase had no effect on electrically-induced responses in neurons, but blocked the response in Schwann cells,
indicating that extracellular ATP is crucial in this activity-dependent neuron-glial signaling. Scale bar, 50 wm.
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Together, these results show that
Ca?* responses in Schwann cells are
dependent on the duration of
axonal stimulation, suggesting that
different signaling molecules might
be activated by different stimulus
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In the CNS, non-synaptic activity-
dependent signaling has also been
shown in the developing rat optic
nerve before the onset of myelina-
tion. Repetitive axonal stimulation
(10-20 Hz) elicits Ca** transients in
approximately 20% of optic nerve
glia 15-60 s after stimulation in a
frequency-dependent  manner®.
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(b) Reproduced, with permission, from Ref. 2.
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culture medium, in spite of the absence of synapses. By
contrast, ATP secretion was not induced by electrical or
KCI depolarization of Schwann cells in the absence of
neurons. In co-cultures of Schwann cells and DRG neur-
ons, the rise in intracellular Ca?* in Schwann cells was
blocked when axons were stimulated in the presence of
apyrase, an enzyme that rapidly degrades extracellular
ATP (Fig. 1). This indicates that although action poten-
tials might induce the release of many different sub-
stances, the Ca?" response in Schwann cells in these
experiments is induced by the activity-dependent secre-
tion of ATP from non-synaptic regions of DRG neurons.
Electrical stimulation of DRG neurons at 10 Hz subse-
quently activates Ca*-calmodulin kinase type II
(CaMKII), which phosphorylates the transcription factor
cAMP-response-element-binding protein (CREB) and
stimulates increased mRNA and protein expression of the
immediate early genes fos and krox 24; genes involved in
adaptive responses and differentiation of Schwann cells.

In the adult, activity-induced Ca*' transients in
Schwann cells have also been observed along non-
synaptic areas of myelinated axons in frog sciatic nerve
in response to a 5 min 20 Hz stimulation®. Presumably
this effect is mediated by accumulation of extracellular
K* at the node. Reist and Smith™ measured Ca**
responses in terminal Schwann cells following a 10-20 s
stimulation at 50 Hz, and observed no changes in intra-
cellular Ca** in proximal myelinated Schwann cells,
possibly because longer stimulation times are required
for accumulation of K* in the extracellular space. In the
rat vagus and human sural unmyelinated nerves, Grafe
and colleagues® did not observe Ca*' responses in
Schwann cells following a 1-50 Hz stimulation for S s.
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cellular Ca** suggesting the non-
vesicular release of a neuroactive
substance. Non-vesicular release of
adenosine® and glutamate® from
central and peripheral axons has
been shown in response to action
potentials.

Could ATP contribute to activity-
dependent communication in
optic nerve glia and Schwann cells
adult peripheral nerve?
Astrocytes and oligodendrocytes,
and myelinated, non-myelinated,
and paranodal Schwann cells all
express  purinergic  receptors
(Table 1). The lack of response to
electrical stimulation in unmyelinated adult Schwann
cells (Ref. 37) could be as a result of insufficient stimu-
lus duration to evoke ATP release, however differences
in ATP release mechanisms in developing and adult
nerve might also exist.

Non-vesicular ATP release in extrasynaptic neuron—glial signaling

The mechanisms for the activity-dependent release
of ATP from non-synaptic regions of premyelinated
DRG neurons are unknown. Stimulation of ATP secre-
tion is blocked in the presence of TTX, eliminating elec-
trolytic axon injury as a mechanism? Secretion via ATP
transporters or channels, or the vesicular release in non-
synaptic regions are all viable mechanisms that remain
to be tested. In some non-neuronal cells ATP can be
released via plasma-membrane-transport proteins, and
possibly ATP-permeable channels. In addition, the cys-
tic fibrosis transmembrane conductance regulator
(CFTR) (Ref. 41), P-glycoprotein (Ref. 42), and other
members of the ATP-binding cassette (ABC) family of
transporters are involved in ATP release from cells. In
recent experiments, ATP efflux through the CFIR was
not detected****, but ATP release involving these recep-
tors has been reported to be under control of both
cAMP activation and a change in the CI- gradient®.

Recent experiments on astrocytes suggest that ATP
might be released by gap-junction hemichannels®.
Connexin hemichannels can open in response to mem-
brane voltage or to a reduction in extracellular Ca*
concentration*’*%; this might provide a means for ATP
efflux through the large diameter pores of these chan-
nels. In support of this hypothesis, increased ATP
release from an astrocyte cell line is associated with
transfection of connexin®. If this were the case, it

Time (s)
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Fig. 2. Correlation between Schwann cell development and changes in neural impulse activity in dorsal root ganglion neurons of mouse during
the perinatal period. (a) Schwann cells precursors migrate out with the neural crest and begin to express the S-100 antigen. As they develop into
immature Schwann cells they begin to express the 04 antigen, and then differentiate into either myelinating (M SC) or non-myelinating phenotypes
(NM SC)*2. (b) The rate of Schwann cell proliferation increases in late fetal development and begins to decrease near the time of birth’’. (c) Action
potentials from dorsal root gangloin (DRG) neurons show the onset of active spontaneous and sensory-evoked activity in DRG neurons coincides with
the decrease in Schwann cells proliferation and differentiation®*. ATP that is released by DRG neurons in culture inhibits Schwann cells proliferation and
arrests development at a stage before development of the 04 antiger?. These correlations have yet to be tested in vivo, but suggest that impulse activ-
ity could stop proliferation and prevent terminal differentiation of Schwann cells until exposure to appropriate axon-specific differentiation signals.

Adapted, with permission, from Ref. 51 and Ref. 68.

would open up new possibilities for research, because
gap junctions are widely expressed in the nervous sys-
tem between many types of cells, including pairs of
neurons, pairs of glia, and between neurons and glia.
The conductance and developmental expression of gap
junctions are highly regulated. Furthermore, it has been
proposed that gap junctions could promote the activ-
ity-dependent organization of neurons into functional
assemblies, even before synaptogenesis®™. It is intriguing
to speculate that ATP acting on neurons and glia might
have a role in regulating nervous system development
via activity-dependent extrasynaptic communication.
The activity-dependent axon-Schwann cell signal-
ing studied in premyelinated DRG neurons suggests
functional consequences that might be relevant to
nervous system development (Fig. 2). In the perinatal
period, Schwann cells undergo a reduction in prolifer-
ation and differentiate into either myelinating or non-
myelinating phenotypes®'. This developmental stage
coincides with the onset of active spontaneous and
stimulus-evoked impulse activity in DRG axons®
(Fig. 2c). Experiments in co-culture show that the
mitotic rate of Schwann cells is inhibited significantly
on axons firing action potentials, and this can be
mimicked by direct application of ATP or prevented
by stimulation in the presence of apyrase (an extra-
cellular enzyme that rapidly degrades ATP; Ref. 2).

Interestingly ATP has previously been shown to affect
the mitotic rate of other cells*®, including astrocytes®*.
In these cases, however, ATP stimulates, as oppose to
inhibits, mitosis. The cellular mechanism for these dif-
ferent mitotic responses are, as yet, unknown, but
differences in receptors or intracellular signaling
pathways in Schwann cells could account for this.
ATP-mediated neuron-Schwann cell signaling can
also strongly regulate Schwann cell lineage progres-
sion and differentiation®. Following proliferation
Schwann cells begin differentiating into myelinating
and non-myelinating phenotypes® (Fig. 2). Electrical
stimulation of premyelinated DRG axons or ATP
application, arrests the development of Schwann cells
at a stage before expression of the developmental
marker 04. Even after prolonged application of ATP
(two weeks) in a medium promoting differentiation,
Schwann cells remained arrested in this undifferen-
tiated state, and failed to generate myelin-basic pro-
tein or form compact myelin compared with control
cultures®. Instead of promoting differentiation
towards a particular pathway, in this case impulse
activity might serve as a signal to Schwann cells along
the developing axon, indicating the appropriate time
to exit the cell-cycle and become responsive to factors
controlling differentiation. This could increase the
pool of Schwann cells that are in a pre-differentiated
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Box |. Activity-dependent neuron-glial communication in synaptic and non-synaptic regions

Axon

Extrasynaptic/non-vesicular Synaptic/vesicular

trends in Neurosciences

Fig. I. Activity-dependent neuron-glial communication. Lettered arrows (a—h) represent actual
or putative routes of ATP-mediated communication from the axon to glial cells in extrasynaptic
(left) and synaptic (right) regions. Each of the letters also corresponds to the reference for that
neuron—glial communication. Solid arrows indicate activity-dependent neuron—glial signaling

Impulse activity can be communicated to glia in synap-
tic and non-synaptic regions of the PNS and CNS via
neurotransmitters, ions and ATP (Fig. I). Vesicular and
non-vesicular release of ATP has been shown to mediate
activity-dependent communication between neurons
and Schwann cells in synaptic’ and non-synaptic
regions®. These findings, together with evidence show-
ing that ATP mediates astrocyte-astrocyte signaling®,
suggests several possibilities for future research on a
more general role of ATP in neuron-glial signaling.
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state and available to respond to appropriate myelina-
tion signals when they develop. Many myelination
signals are axon-specific, and similar to the caliber of
the axon, are related to maturation of the individual
axon, which might not develop until the postnatal
period.

In an interesting parallel in the CNS, glutamate
receptor activation of OPCs inhibits their proliferation
and maturation in culture®, suggesting the possibility
of a similar activity-dependent inhibitory effect on
OPC development on glutamatergic neurons. Further
research will be required to determine if ATP has a
similar effect on OPCs.

Impulse activity can also have a positive effect on
OPC proliferation, as shown by intraocular injection
of TTX (Ref. 56). These effects of impulse activity
blockade operate via mechanisms involving an indi-
rect action of neural impulse activity on astrocytes
(through an unknown signaling molecule) that in
turn releases a trophic substance, such as platelet-
derived growth factor (PDGF), that acts upon OPCs.
Collectively, these studies show that there are mul-
tiple mechanisms and effects of activity-dependent
neuron-glial signaling in extrasynaptic regions that
are operational at least during limited periods of
nervous system development.

It is curious that Schwann cells in adult nerve have P2
receptors that respond to exogenous ATP (Ref. 57), but
show no response to action potential firing in other
studies®*8, in spite of observable changes in intracellular
Ca*" in paranodal® or terminal Schwann cells (Ref. 13) as
a result of K* or neurotransmitter release. Indeed, intra-
cellular Ca** responses in the terminal Schwann cells of
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skate electrocytes have been shown to involve P2 recep-
tor stimulation in response to ATP released by K* de-
polarization®. Although technical limitations cannot be
ruled out, the ATP release mechanism might be different
during fetal development when these responses can be
elicited in Schwann cells on premyelinated axons®. DRG
neurons are electrotonically coupled early in develop-
ment, but they become uncoupled as development pro-
gresses®. If these channels are only expressed at certain
times in development and the hemichannels are able to
release ATP into the extracellular medium, this could
restrict ATP-mediated neuron-glial signaling to appro-
priate phases of development.

ATP release in neurotrauma

Cellular damage can release large amounts of ATP
into the extracellular environment because the internal
concentration of ATP can be between 3-5 mwm
(Refs 29,34). Such ATP release might be important in
triggering cellular responses to trauma and ischemia, by
initiating and maintaining reactive astrogliosis, which
involves striking changes in astrocyte proliferation and
morphology**¢!. Nucleosides and nucleotides that are
released from dying cells also stimulate proliferation of
microglia (reviewed in Ref. 62). ATP release from astro-
cytes also has morphological effects on co-cultured cor-
tical neurons, resulting in extension of longer neurites®.

Not all the responses to ATP released during brain
injury are neuroprotective; in some cases ATP contributes
to the pathophysiology initiated after trauma. Treatment
of cultured astrocytes with cytokines, such as interleukin-
1B, enhances the ATP-evoked release of arachidonic acid
via P2Y, receptors and cytosolic phospholipase A2. This
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Box 2. Purinergic receptors

A large family of purinergic receptors mediate the vari-
ous cellular effects of extracellular ATP. The receptors

TABLE |. Purinergic receptors in dorsal root ganglion neurons and glia®
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indicated by an asterisk.
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into the nucleus acumbens® or cerebral hemisphere®
of rats suggests that purines might be a signal for the
induction of malignant brain tumors. In these in vivo

might contribute to the neuronal loss associated with
cerebral ischemia or traumatic brain injury®.
Experimental infusion of ATP or P2 receptor agonists
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experiments, ATP infusion resulted in increased astro-
cyte proliferation, formation of reactive astrocytes
(GFAP-positive cells with multiple cellular processes)
and, in several animals, the formation of gliomas. It has
also been proposed that cell-cell communication involv-
ing extracellular ATP contributes to neurovascular
changes responsible for the pain associated with
migraine headaches®. Intercellular Ca®*"-waves in pia-
arachnoid cells can be stimulated by mechanical stimu-
lation. These waves, which propagate between pia-arach-
noid cells and contiguous astrocytes, can be blocked by
octanol or apyrase, indicating the involvement of
gap-junction communication and extracellular ATP.

These pathophysiological and adaptive glial
responses to the ATP that is released in association
with cellular injury give some indication of the range
of glial responses that can be regulated by ATP, and
provide intriguing insight into neuron-glial functions
that might be influenced by the activity-dependent
release of ATP.

Directions for future research

Research on the glial cell of the PNS has shown that
extracellular ATP is an important molecule in activity-
dependent signaling between neurons and glia at the
synapse and in non-synaptic regions. Research on glia of
the CNS has shown the importance of ATP in astro-
cyte-astrocyte signaling and of neural impulse activity
in regulating glial functions by the vesicular release of
neurotransmitters. A future research area will be to deter-
mine whether ATP might also mediate neuron-glial sig-
naling in the CNS at synaptic and extrasynaptic regions
(Box 1). Could axon-oligodendrocyte signaling in the
hippocampus involve ATP, in addition to excitatory
neurotransmitters? Stimulus-dependent release of ATP
has been measured from hippocampal slices*” and
purinergic receptors have been shown to be present on
oligodendrocytes (Box 2). Could synaptic release of ATP
stimulate calcium waves in astrocytes, much as has been
shown for synaptic release of glutamate? Could ATP be
an activity-dependent signal between retinal axons and
astrocytes resulting in PDGF secretion and increased
proliferation of OPC cells? Further research is needed to
understand how ATP is released from non-synaptic
regions of neurons in an activity-dependent manner.
New functions might be regulated by ATP-dependent
neuron-glial signaling in non-synaptic regions, because
this does not relate directly to homeostasis of the extra-
cellular environment. This might suggest possible
medical implications of ATP-mediated neuron-glial sig-
naling and possibly new pharmacological approaches to
neurological disease and injury. In spite of, or perhaps
because of, its universal familiarity to all students of biol-
ogy, our current understanding of ATP only scratches
the surface of what appear to be the many unique roles
of this molecule outside the cell, including bridging the
space between neurons and glia.
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The evolution of cortical development. An
hypothesis based on the role of the Reelin

signaling pathway

Isabelle Bar, Catherine Lambert de Rouvroit and André M. Goffinet

Expression of the genes encoding Reelin and Dab| during cortical development in turtle, lizard,

chick and mammals correlates with architectonic patterns. In all species, Reelin is secreted by

marginal zone cells,whereas Dab |, which mediates the response to Reelin, is synthesized by cortical

plate neurons.This pattern was presumably present in stem amniotes. In mammals, the cortical

plate is radially organized and develops from inside to outside, these features depend on

amplification of reelin synthesis in the marginal zone. In lizards, the cortical plate develops from

outside to inside, similar to other non-mammals, but is radially organized, with an additional layer

of Reelin added in the subcortex. Thus,the Reelin pathway played a key role in cortical architectonic

evolution in mammalian and squamate lineages.
Trends Neurosci. (2000) 23, 633-638

ENES THAT CONTROL brain development and
growth are obvious targets of the evolutionary
process'. Unfortunately, the study of the evolution of
development is severely hampered by the poor fos-
silization of immature individuals and the lack of
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fossilization of brain tissue. Our understanding of
brain evolution is thus based on inference from com-
parative analyses of the neuroanatomy (including
gene expression patterns) of living organisms.
Similarly, the evolution of brain development can be

PII: S0166-2236(00)01675-1 TINS Vol. 23, No. 12, 2000

REVIEW

Isabelle Bar,
Catherine Lambert
de Rouvroit and
André M. Goffinet
are at the
Neurobiology Unit,
University of
Namur, School of
Medicine, 61 rue
de Bruxelles,
B-5000 Namur,
Belgium.

633



